The lunge is the most fundamental skill in badminton competitions. Fifteen university-level male badminton players performed lunge maneuvers in four directions, namely, right-forward, leftforward, right-backward, and left-backward, while wearing two different brands of badminton shoes. The test compared the kinetics of badminton shoes in performing typical lunge maneuvers.
Introduction
Badminton is a non-contact racket sport that requires jumps, lunges, quick changes in direction, and rapid arm movements from a wide variety of postural positions. 1 The lunge step accounts for 15% of all movements in a competitive singles match. 2 The sudden stop-and-go maneuvers producing variable loads on the lower extremity of players have the potential to induce lower extremities injuries, especially by rapid and repetitive lunge steps that involve strenuous impact during heel contact. 3 Footwork is the most fundamental skill in badminton competitions and the most critical for skill proficiency. 2, 4 Skilled footwork allows players to reach the shuttlecock as quickly as possible with minimum effort and performance time. Footwork enables players to move into the best position to execute shots while maintaining good balance and body control. 5 Moving quickly to the net and to the baseline from the center of the court entails four major lunge directions to the corners, namely, right-forward, left-forward, right-backward, and left-backward steps. These lunges are considered as the most fundamental and critical maneuvers for skill proficiency. As footwork skills become more proficient, the length and number of steps needed from the center to all parts of the court can be determined. This movement forms the critical footwork pattern for individual players. 4 Investigating the kinetics and kinematics between the different lunge directions can provide biomechanical information on enhancing athletic performance, and offer coaches and players useful information on injury prevention during trainings and competitions. A general belief exists that athletic footwear can improve player performance while preventing excessive load and related injuries by providing optimal shock attenuation and movement stabilization.
Injury prevention, performance, and comfort are the most important functional design features for court shoes. 6 Representative movement has been used in the biomechanical testing of an athletic shoe to evaluate its corresponding functional performance. 7 Wei et al compared the kinetic and kinematic characteristics of the metatarsophalangeal joint of participants while executing a right-forward badminton lunge in two shod conditions. 8 Fu et al investigated the difference in plantar pressures among right-forward lunge, left-forward lunge, and one-step jump. 9 However, systematic information concerning biomechanical characteristics of lunges in different directions is lacking.
The current study compares the external and insole load responses of four types of badminton lunges, namely, right-forward, left-forward, right-backward, and left-backward, while two different brands of badminton shoes are worn by the sample. Our hypothesis states that ground reaction force and plantar loading during heel impact would be significantly larger in the right-forward lunge of right-handed players, which could be defined as the most critical lunge step for the biomechanical testing of badminton shoes compared with other lunge directions.
Methods

Participants
Fifteen right-handed male badminton players (age 21.69 ± 1.03 y; height 172.61 ± 5.20 cm; body mass 61.67 ± 7.15 kg) with shoe size of EUR42 participated in this study. The players were all active participants in singles badminton competitions at the university level and had at least five years of badminton game experience. All participants reported they were free from neuromuscular, vestibular, and vision system injuries for at least six months before participation, and were generally in good physical condition. The study was approved by the 
Procedure
Two pairs of badminton shoes, one pair coming from two brands most commonly used in competitions, were selected for this study. The two pairs of shoes were coded as Y and L. After anthropometric measurements, the participants were asked to perform a 10-minute warm up, including familiarization with testing movements by using a standard-sized racket. Kinetic measurement was conducted with the participants performing right-forward, left-forward, rightbackward, and left-backward lunge steps for each shoe brand at their maximum speed.
Participants were instructed to perform each test maneuver in three steps, starting from a standardized initial position. The last step must be a lunge with the dominant leg landing on the force plate. Before the actual test trial, each participant was asked to perform continuously each of the four lunge step maneuvers with maximum effort until five successful lunge steps were and left shoes during data collection, but only the data from the dominant (right) leg were collected. The plantar surface was divided into four regions, namely, rearfoot (30% of foot length), midfoot (30% of foot length), forefoot (25% of foot length), and toes (15% of foot length). 10 These areas were further subdivided into nine regions (Figure 2 ), namely, medial heel (medial 50% of the rearfoot width), lateral heel (lateral 50% of the rearfoot width), medial midfoot (medial 50% of the midfoot width), lateral midfoot (lateral 50% of the midfoot width), first metatarsal head (medial 30% of the forefoot width), second and third metatarsal heads (middle 40% of the forefoot width), fourth and fifth metatarsal heads (lateral 30% of the forefoot
width), great toe (medial 25% of the width of the toes), and lesser toes (lateral 75% of the width of the toes). Peak pressure was extracted for the total foot and each foot mask.
Data reduction
Ground reaction force patterns were determined to be similar for all lunge directions, and therefore, the loading profiles of vertical (Fz), anterior-posterior (Fy), and medial-lateral (Fx) ground reaction forces obtained from a typical right-forward lunge measurement were provided for the sake of simplifying variable definition (Figure 3) . The ground reaction forces were normalized by body weight (BW). Three local peak forces were clearly identified, which are first vertical impact peak right after heel contact (A), second vertical impact peak (B), and maximum anterior-posterior shear (C). tA, tB, and tC were denoted as the times corresponding to their respective peak forces, while rA, rB, and rC were denoted as the maximum loading rates of their respective peak forces. The peak pressures measured by the insole pressure system at the total foot and at each foot mask were presented. All testing variables were evaluated for all four lunge directions.
Statistics
Paired t-tests were used to detect the differences between the two brands of shoes based on each variable. If no significant shoe difference was determined for any specific variable, then the data of the two brands of shoes were pooled and averaged for further analysis. One-way ANOVA with repeated measures was used to examine any lunge effect on each variable. A 5% significance level was adopted, and all data were expressed as mean ± standard deviation.
Results
The paired t-tests did not indicate a significant shoe effect for all testing variables, including landing angle, ground reaction forces, and insole plantar pressure variables. Therefore, The mean vertical impact peaks and anterior-posterior shear forces and their respective maximum loading rates of the left-forward lunge direction were the highest between all tested lunge directions ( Table 1 ). The first vertical impact peak (A), the loading rate of first vertical impact peak (rA), and the loading rate of the second vertical impact peak (rB) of the left-forward lunge were significantly higher than those of the right-backward and left-backward lunges. Most kinetic variables for the left-backward lunge had significantly lower magnitudes compared with the other three lunge directions (all P < 0.05).
Based on in-shoe plantar pressure measurements, the left-forward and right-forward lunge directions were associated with higher plantar loading at the heel and toe regions, whereas the right-backward lunge direction was associated with higher loading at the midfoot and metatarsal heads regions ( Table 2 ). The left-forward lunge direction had the highest mean peak pressure at the total foot and heel regions, which were significantly higher than that of the other lunge directions. The right-backward lunge direction produced the highest peak pressure at the midfoot and medial metatarsal head regions. This finding was significantly higher than that of the other lunge directions. The peak pressure at the heel was considerably and consistently higher than that of the midfoot and metatarsal head regions.
Discussion
This study examined the effects of four badminton lunge directions on the external loading and in-shoe plantar pressures. Moreover, the research identified the most critical kinetic responses among the studied lunge steps to provide evidence-based guidelines for badminton research and footwear evaluation. Generally, the external loading variables indicated that the left-forward lunge step had higher loadings during heel impact when compared with that of the other directions. The in-shoe pressure results indicated that the first metatarsal head, great toe, medial heel, and lateral heel masks had relatively high peak pressure magnitude during lunge maneuvers. In general, the left-forward lunge had the highest loading in three out of the four high loading regions than that of the other lunge directions. These findings did not support our hypothesis that the right-forward lunge was generally believed as the most critical lunge direction for right-handed participants regarding kinetic responses. Overall, the left-forward lunge produced higher external and insole loadings than those of the other three lunge directions, which could be considered as the most critical lunge movement for badminton biomechanics study.
In badminton, the frequent execution of the lunge step is generally considered as a major risk factor of lower extremity injury. Researchers suggested that the Achilles tendon, plantar fascia, anterior talo-fibular ligament of the specific musculotendon, and ligamentous structures are more susceptible to greater injury risks in badminton than in other sports because of the uniqueness and repetitive nature of badminton movements, especially the high frequency "stopand-go" maneuvers. [11] [12] [13] Excessive and repetitive external loads of badminton maneuvers are potential mechanical risk factors for joint tissue injuries and development of stress fractures and micro-damage in the cartilage. Repetitive lunge steps may result in ruptures of Achilles tendon. Lafortune and Hennig showed that footwear with softer midsoles would result in lower shock transmission from the foot up to the proximal joints. 16 Although the tested shoes in the present study had different external geometric, dimensions, material, and structural designs, the loading responses of both brands of shoes confirmed that the left-forward lunge had either higher or comparable ground reaction forces and plantar pressure than those of the other lunge directions.
Therefore, the left-forward lunge movement is recommended as one of the critical maneuvers for evaluating injury mechanics and footwear performance, especially for the impact phase during lunges.
Although the findings of the present study demonstrated that the left-forward lunge is an important badminton testing maneuver, such finding is merely the recommendation from the kinetics perspective. A more comprehensive evaluation that involves kinematics, joint forces, moments, and electromyography of the lower extremities, is necessary to provide further insight into the biomechanics of badminton lunge movements. Although the individual maximum lunge distance was predetermined and used across lunge directions, the influence of lunge distance on the kinetics response could not be fully eliminated. Considering the individualized biomechanical characteristics and the respective functional requirements of badminton footwear, further research should investigate gender and expertise effects on the kinetic and kinematic variations during lunge maneuvers to establish the evidence-based athletic performance and biomechanics characteristics and related functional needs of badminton footwear.
In summary, an evidence-based testing protocol is prerequisite for an objective and reliable evaluation of athletic and sports gear performance. The current external ground reaction forces and in-shoe plantar pressure data indicated that the left-forward lunge step would generally induce higher ground reaction forces and peak plantar pressure on the dominant leg of badminton players than those of the other tested lunge directions during heel impact. Thus, the left-forward lunge maneuver is recommended as one of the critical movements for evaluating badminton lunge biomechanics and footwear functionality. 
